Cyanobacteria are photoautotrophic prokaryotes that occur in highly variable environments. Protein phosphorylation is one of the most widespread means to adjust cell metabolism and gene expression to the demands of changing growth conditions. Using a 2D gel electrophoresis-based approach and a phosphoprotein-specific dye, we investigated the protein phosphorylation pattern in cells of the model cyanobacterium Synechocystis sp. strain PCC 6803. The comparison of gels stained for total and phosphorylated proteins revealed that approximately 5 % of the protein spots seemed to be phosphoproteins, from which 32 were identified using MALDI-TOF MS. For eight of them the phosphorylated amino acid residues were mapped by subsequent mass spectrometric investigations of isolated phosphopeptides. Among the phosphoproteins, we found regulatory proteins, mostly putative anti-sigma factor antagonists, and proteins involved in translation. Moreover, a number of enzymes catalysing steps in glycolysis or the Calvin-Benson cycle were found to be phosphorylated, implying that protein phosphorylation might represent an important mechanism for the regulation of the primary carbon metabolism in cyanobacterial cells.
INTRODUCTION
Micro-organisms are directly exposed to ever changing environmental conditions. Accordingly, their metabolism has to be adjusted toward the demands of different growth conditions. Reversible protein phosphorylation has often been shown to be involved in the modulation of enzyme activities as well as in regulatory kinase cascades. During the last decade phosphoproteome studies revealed the diversity of protein phosphorylation on serine, threonine and tyrosine residues in several bacterial species (Macek & Mijakovic, 2011) . Both, 2D gel electrophoresis (2-DE)-based approaches (Bendt et al., 2003; Bernardini et al., 2011; Eymann et al., 2007; Schmidl et al., 2010; Voisin et al., 2007) and gel-free approaches (Ge et al., 2011; Macek et al., 2007 Macek et al., , 2008 Misra et al., 2011) were used to define the phosphoproteomes of bacteria. Although the number of identified phosphorylation sites was generally higher by gel-free analyses, 2-DE combined with either [ labelling or detection of phosphoproteins by specific dyes (Pro-Q Diamond) and phosphoprotein-specific antibodies also were successfully used as tools to study protein phosphorylation in bacteria such as Bacillus subtilis [compare the work of Macek et al. (2007) and Eymann et al. (2007) ].
Cyanobacteria perform oxygenic photosynthesis and are of global importance for the carbon as well as the nitrogen cycle. Currently more than 120 complete cyanobacterial genomes are publicly available (Shih et al., 2013) . The first genome sequence was obtained for the freshwater strain Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803) (Kaneko et al., 1996) . Early studies indicated global changes in the phosphorylation pattern after cultivation of Synechocystis 6803 under different light, salt or inorganic or organic carbon conditions (Bloye et al., 1992; Hagemann et al., 1993; Mann et al., 1991; Sanders et al., 1989) . This pioneer work (reviewed by Mann, 1994) applied in vivo or in vitro [ 32 P] labelling, and could only show quantitative and qualitative modulation of the overall protein phosphorylation pattern. Only a few cyanobacterial phosphoproteins have been subsequently identified. For example, the phosphorylation of phycobilisome linker proteins and ferredoxin-NADPH reductase in thylakoid membranes of Synechocystis 6803 was demonstrated (Piven et al., 2005) . The best characterized cyanobacterial phosphoprotein is the P-II protein (GlnB), which functions as the global regulatory protein to sense changes in the N/C ratio in cyanobacterial cells (reviewed by Forchhammer, 2010) . Another example is KaiC, which serves as central clock protein via an autocatalytic phosphorylation/dephosphorylation cycle (Nakajima et al., 2005) .
Another approach to elucidate protein phosphorylation was launched by the identification of genes encoding protein kinases and phosphatases in the genomes of cyanobacteria. The genome of Synechocystis 6803 harbours genes for 13 and 7 protein kinases and phosphatases, respectively, with specificity on Ser, Thr or Tyr residues (Zhang et al., 2005) . Using protein kinase mutants, the kinases SpkA and SpkB were shown to be required for cell motility (Kamei et al., 2001 (Kamei et al., , 2003 , SpkC may be involved in the regulation of nitrogen metabolism (Galkin et al., 2003) , and SpkD was suggested to be involved in adjusting the pool of the TCA cycle metabolites under varying inorganic carbon supply (Laurent et al., 2008) . In vitro Ser/ Thr protein phosphorylation assays using mutants defective in different Ser/Thr protein kinases indicated that SpkC, SpkF and SpkK are acting in a sequential order to phosphorylate GroES (Zorina et al., 2011) . However, gene disruption of other protein kinases did not result in any recognizable phenotype in the corresponding mutant cells (Kamei et al., 2002; Zorina et al., 2011) . The photosystem (PS) I subunit PsaD and phycocyanin rod linker protein CpcD, as well as a-and b-phycocyanin, were identified as possible substrates of the protein tyrosine phosphatase SynPTP (Mukhopadhyay & Kennelly, 2011) .
Generally, our knowledge concerning the physiological roles and protein targets of Ser/Thr and Tyr kinases and phosphatases in Synechocystis 6803, as well as in other cyanobacteria, is still very fragmentary. Recently, a first global analysis of the phosphoproteome of another cyanobacterium, the marine strain Synechococcus sp. PCC 7002, has been published applying a gel-free approach (Yang et al., 2013) . Here, we used a 2-DE-based protocol to analyse the phosphoproteome of Synechocystis 6803. Putative phosphoproteins were visualized using the Pro-Q Diamond stain and identified by MS. For selected proteins the phosphopeptide could be enriched by TiO 2 affinity chromatography and the specific phosphorylation sites were identified via MS.
METHODS
Protein extraction. Axenic cells of the glucose-tolerant wild-type strain Synechocystis sp. PCC 6803 were grown in high-and low-saltcontaining BG11 medium and harvested as described previously (Fulda et al., 2006) . The soluble protein fraction was obtained after homogenization in a cell mill (E. Bühler) of the cells suspended in 10 mM HEPES/NaOH buffer (pH 7.0) containing 10 mM PMSF (Fulda et al., 2006) , supplemented with 10 mM NaF and 1 mM Na 3 VO 4 (Eymann et al., 2007) . To allow comparison of proteomes before and after passing over PhosphoProtein purification columns, the soluble protein fraction also was obtained from cells suspended in the lysis buffer of a PhosphoProtein purification kit (Qiagen; see below) and disrupted by ultrasonic treatment. Protein concentrations were estimated using the Bio-Rad protein assay.
Phosphoprotein enrichment. A PhosphoProtein purification kit (Qiagen) was used for the enrichment of phosphoproteins, applying the protocol provided by the manufacturer with an additional ultrasonic step to ensure cell disruption. In short, frozen cell pellets harvested from 20 ml culture were resuspended in lysis buffer [25 mM MES, 1 M NaCl, 0.25 % (w/v) CHAPS, pH 6.0] containing protease inhibitors and benzonase, and disrupted by ultrasonic treatment. Following incubation at 4 uC for 20 min, soluble proteins were obtained after centrifugation (15 min, 20 000 g, 4 uC) and protein concentration was adjusted to 0.1 mg ml 21 by adding lysis buffer. A total of 25 ml lysate containing 2.5 mg protein was allowed to pass through a previously equilibrated PhosphoProtein purification column. After washing with lysis buffer, five fractions were eluted by applying five times 500 ml elution buffer [50 mM potassium phosphate, 50 mM NaCl, 0.25 % (w/v) CHAPS, pH 7.5] to the column. The Bio-Rad protein assay showed that only the third fraction contained significant amounts of proteins. This protein fraction was desalted and concentrated using the Nanosep ultrafiltration columns provided with the PhosphoProtein purification kit.
2-DE and protein visualization. The soluble protein fraction was purified and concentrated by acetone precipitation. 2-DE was carried out as described in Fulda et al. (2006) . In the first dimension, 300 mg protein was separated on IPG (immobilized pH gradient) strips (18 cm, pH 4-7; GE Healthcare) followed by SDS-PAGE (12.5 % acrylamide, 230623060.75 mm) in the second dimension. Gels were successively stained with Pro-Q Diamond phosphoprotein stain (Life Technologies), SYPRO Ruby total protein stain (Life Technologies) (Steinberg et al., 2003) and colloidal Coomassie (Neuhoff et al., 1988) . Pro-Q Diamond staining was performed according to the modified protocol of Agrawal & Thelen (2005) using threefold diluted Pro-Q Diamond stain. Images of the gels following fluorescent staining were acquired using a FLA 3000 laser scanner (Fuji Photo Film) with 532 nm excitation and 580 nm longpass emission filter for Pro-Q Diamond, and 473 nm excitation and 580 nm longpass emission filter for SYPRO Ruby.
Although both Pro-Q Diamond and SYPRO Ruby staining were successively performed in the same gels, the corresponding images need to be warped in order to match and overlay corresponding spots. 2-DE gel image analysis software Delta2D (Decodon) was used for image warping and generation of dual views (dual channel image) of Pro-Q Diamond and SYPRO Ruby staining. Since the few distinct protein spots visible after Pro-Q Diamond staining were insufficient for unambiguous matching, we additionally used non-proteinous speckles whose appearance is typical for fluorescent staining as additional match points. The utilization of characteristically shaped speckles found in both images enabled correct warping and resulted in highly reproducible dual views of Pro-Q Diamond-and SYPRO Ruby-stained gels from different experiments (see Fig. S1i , j, k available in Microbiology Online). To cut out putative phosphoproteins for the mass spectrometric identification, the 2-DE gels were finally stained with colloidal Coomassie. The resulting spot pattern coincided with that of SYPRO Ruby staining and, thus, the information from the Pro-Q Diamond/SYPRO Ruby dual views were used to define the positions of the phosphoproteins in the Coomassie-stained gels.
MALDI-TOF-MS and protein identification. Protein spots were excised manually from Coomassie-stained gels, washed and proteolytically digested for 5-8 h at 37 uC as described by Mikkat et al. (2010) . Digestion was performed with either sequencing grade trypsin (10 ng ml 21 in 3 mM Tris/HCl, pH 8.5; Promega) or endoproteinase AspN (3.6 ng ml 21 in 3 mM Tris/HCl, pH 8.5; Roche). Sometimes, a mixture of both endoproteinases containing 7 ng trypsin ml 21 and 2.5 ng AspN ml 21 was used. Extracted peptides were applied onto pre-structured MALDI targets (384/600 mm AnchorChip; Bruker Daltonik) using CHCA (a-cyano-4-hydroxycinnamic acid) as a matrix. Peptide mixtures were analysed by MALDI-TOF-MS using a Reflex III mass spectrometer (Bruker Daltonik) operated in positive ion reflector mode. Mass spectra were acquired and analysed automatically with Bruker software (flexControl 2.4 and flexAnalysis 2.4), but, if necessary, peak picking and calibration were corrected manually using flexAnalysis 2.4. Fragment spectra were obtained by manual post-source decay (PSD) measurements with reduced reflector potentials at an acceleration voltage of 25 kV.
Proteins were identified by searching the SWALL database (containing Swiss-Prot and TrEMBL) using MASCOT software (version 2.4.0; Matrix Science) via BioTools 3.0 software (Bruker Daltonik). A mass tolerance of 60 p.p.m. and one missing cleavage site were allowed. Carbamidomethylation of cysteines was considered as a fixed modification, and oxidation of methionine residues was considered as a variable modification. Using the taxonomy filter, the search was restricted to proteins of Synechocystis 6803 (3507 entries in SWALL 2013_2). All results were examined carefully for reliability and occurrence of multiple proteins in the same sample.
Enrichment and analysis of phosphorylated peptides. Porous titanium dioxide immobilized to the inner surface of pipette tips (NuTip; Glygen) was used for the selective enrichment of phosphorylated peptides. The conditions for binding, washing and elution of phosphorylated peptides were adopted from Larsen et al. (2005) with modifications (Mikkat et al., 2010) . The NuTips were first conditioned with conditioning solution [40 % acetonitrile (ACN), 0.1 % trifluoroacetic acid (TFA)] that was aspirated into the tip and dispensed to waste five times. Then, 5 ml protein digest was mixed with 2.5 ml binding buffer [60 mg 2,5 dihydroxybenzoic acid (DHB) ml 21 in 80 % ACN, 0.1 % TFA] and aspirated/dispensed 50 times to allow the peptides to adsorb to the TiO 2 material. Wash solution I (20 mg DHB ml 21 in 40 % ACN, 0.1 % TFA) was aspirated/dispensed once, followed by one washing cycle using Wash solution II (40 % ACN, 0.1 % TFA). Bound peptides were eluted with 2.5 ml 0.25 % NH 4 OH solution that was aspirated/dispensed 10-20 times. To specifically cleave off the phosphate groups from the peptides, 2 ml phosphopeptide-enriched eluate was incubated with 0.4 ml alkaline phosphatase [AP, from calf intestine, grade I; Roche; diluted 1/10 (v/v) in 3 mM Tris/HCl, pH 8.5] at 37 uC for 60 min. Peptide samples (before and after AP treatment) were prepared for MALDI measurement with CHCA matrix as described above, and additionally with DHB matrix by mixing 1.0 ml matrix solution (5 mg DHB ml 21 in 35 % ACN, 0.1 % TFA) with 0.8 ml peptide sample on the MALDI target.
RESULTS AND DISCUSSION
Soluble proteins isolated from Synechocystis 6803 cells grown either under low-or high-NaCl conditions were separated by 2-DE and stained successively with Pro-Q Diamond and SYPRO Ruby. The total protein patterns showed more than a thousand distinct spots as previously described (Fulda et al., 2006) . In contrast to the SYPRO Ruby stain, only a relatively small fraction of spots (about 5 %) were stained by the Pro-Q Diamond dye in the gels ( Fig. 1a and Fig. S1a-f) . Most of the phosphoprotein spots were found in the molecular mass range of about 10-20 or 40-60 kDa. The observed phosphoprotein staining patterns were almost identical with proteins extracted from cells acclimated to low-or high-salt conditions; therefore, the results are summarized into one dataset. This finding was not expected because previous experiments that used in vitro phosphorylation via [
P]ATP of proteins from
Synechocystis 6803 showed differences between low-salt grown and salt-shocked cells (Hagemann et al., 1993) .
Many of the potential phosphoproteins stained by Pro-Q Diamond matched to visible spots of the total protein pattern, while other potential phosphoproteins were detected at gel positions where no distinct spot was visible in the protein pattern obtained after SYPRO Ruby staining. Such deviations often were found for proteins in the 40-60 kDa range. In this part of the gel many stained phosphoprotein spots were located in gaps between abundant spots of the total protein pattern (Fig. S1i-k) . Obviously, the concentration of these potential phosphoproteins was much lower than that of the surrounding spots of non-phosphorylated proteins. Moreover, in the lower left side of the gel (molecular mass range of 14-20 kDa), the highly abundant phycobilisome proteins were not well separated making the matching of phosphoprotein staining to distinct proteins in this gel area impossible.
To reduce the background of abundant proteins without phosphorylation, we tried to enrich phosphorylated proteins by phosphoprotein-specific affinity chromatography. The affinity chromatography columns and buffers used were designated for the specific isolation of phosphoproteins from eukaryotic cells and tissues, but their application to bacterial proteins also has been reported (Voisin et al., 2007) . The phosphoprotein enrichment reduced the number of total protein spots dramatically (Fig. 1b and Fig. S1g, h) . However, the majority of the remaining spots were again not stained by Pro-Q Diamond and, thus, did not represent phosphoproteins. Mass spectrometric identification revealed that proteins involved in transcription and translation, as well as components of carboxysomes, were selectively enriched along with phosphoproteins by the phosphoprotein-specific affinity chromatography (data not shown). Generally, the pattern of putative phosphoproteins detected by Pro-Q Diamond staining after enrichment was similar to that observed before without phosphoprotein enrichment, indicating that the majority of phosphoproteins were retained by the affinity column (see Table 1 and Table S1 ). As expected, the phosphoprotein enrichment step improved the evaluation of the gels, since many of the abundant nonphosphorylated proteins disappeared. However, some phosphoprotein spots found in the total protein extracts were missing in the enriched fraction and vice versa.
Each phosphoprotein spot was excised from at least two different gels and proteins were identified by peptide mass fingerprinting. In most spots, a single protein was reproducibly identified. In some cases, especially at gel positions were no distinct spot was visible in the total protein staining pattern, mixtures of different proteins were identified or identification failed. Altogether, 32 putative phosphoproteins were identified, many of them both in gels with and without preceding phosphoprotein enrichment (Table 1) . These proteins cover a wide range of biological functions, in particular regulatory proteins, proteins involved in translation and many enzymes for primary carbohydrate metabolism were identified. Many of these proteins, such as KaiC or P-II, have been shown before to be phosphorylated in Synechocystis 6803 and other bacteria (discussed in more detail below).
To verify that the Pro-Q Diamond-stained proteins were indeed phosphorylated we aimed to characterize their phosphorylation sites. For this purpose phosphopeptides were enriched from selected protein spots using titanium dioxide immobilized to pipette tips. For example, this enrichment efficiently retained phosphopeptides of the Ssr1600 protein while the concentration of non-phosphorylated peptides was greatly reduced (Fig. 2) . The subsequent incubation of the phosphopeptide with alkaline phosphatase resulted in a mass shift of minus 80 Da, which indicated the loss of one phosphate group from the peptide. In the case of the Ssr1600 protein, two phosphorylated peptides were detected covering the same phosphorylation site, but one of them resulted from incomplete trypsin digestion (Fig. 2b) . The exact phosphorylation site at Ser64 was deduced from the PSD fragment spectrum (Fig. 2c) . Interestingly, the most intense tryptic peptide ion signal at m/z 1212.7 of the Ssr1600 digest (Fig. 2a) could not be assigned to the corresponding sequence from UniProt (P74326, 70 amino acids long, N-terminally incomplete). The sequence deposited in National Center for Biotechnology Information nonredundant database (gi|304569548) comprises 133 amino acids, whereas the protein sequence of Ssr1600 in CyanoBase (http://genome.microbedb.jp/cyanobase/Synechocystis) comprises 116 amino acid residues. The latter sequence was obtained from the MS-based reannotation of the Ssr1600 protein published by Ishino et al. (2007) . Our de novo sequencing of the ion signal at m/z 1212.7 resulted in a sequence tag consistent with a further N-terminal extension of 5 amino acids compared to the finding of Ishino et al. (2007) (Fig. 2d) . Thus, we concluded that the peptide with m/z 1212.7 represents the real N terminus of Ssr1600. Accordingly, the translation of the ssr1600 transcript must be initiated at the non-canonical ATT start codon, which is further supported by the occurrence of a Shine-Dalgarno sequence (AGGAGG) 5 nucleotides upstream to this ATT start codon (Fig. S2) . The use of ATT as a translational initiation codon is restricted to very few bacterial genes [e.g. infC encoding the initiation factor IF-3 or pcnB encoding the dispensable poly(A) polymerase in Escherichia coli] and could enable a specific regulation mechanism (Binns & Masters, 2002 ).
Using phosphopeptide enrichment followed by PSD fragment analysis of phosphorylated peptides or treatment with alkaline phosphatase (for more details see Table S2 , Fig. S3 ), we could identify phosphorylated peptides for 8 out of all 32 putative phosphoproteins detected by the Pro-Q Diamond stain ( Table 2 ). The failure to isolate phosphorylated peptides from the remaining phosphoproteins can be attributed to different reasons. First of all, the sequence coverage obtained after tryptic digestion is (Macek et al., 2007; Manteca et al., 2011; Misra et al., 2011; Schmidl et al., 2010; Soufi et al., 2008; Voisin et al., 2007; Yang et al., 2013) . Furthermore, the heat-shock protein GrpE, the ribosomal protein Rps2 and the elongation factor Tu (TufA) were recently identified among the eight putative targets for Ser/Thr phosphorylation in Synechocystis 6803 (Zorina et al., 2011) . Phosphorylation of TufA and Rps2 also has been described in Anabaena sp. PCC 7120 (El-Fahmawi & Fig. 1 , in three spots more than one protein was identified. DMASCOT score for peptide mass fingerprinting. dCoverage of the entire protein sequence by the detected peptides (%). §Pro-Q Diamond-stained protein spots were identified in 2D gels of protein extracts without enrichment for phosphoproteins. ||Pro-Q Diamond-stained protein spots were identified in 2D gels of protein extracts with phosphoprotein enrichment using the Qiagen PhosphoProtein purification kit. Owttrim, 2007) . Moreover, in seven cases (see Table S1 ) proteins homologous to the phosphoproteins identified here also were found in extracts of Synechococcus sp. PCC 7002 using a gel-free approach that identified more than 200 phosphoproteins (Yang et al., 2013) . Therefore, we conclude that Pro-Q Diamond staining in combination with the described gel warping strategy is a suitable method to monitor protein phosphorylation in cyanobacteria.
The phosphoproteome snapshot from Synechocystis 6803 allows a first discussion, which biological functions might be affected by protein phosphorylation. As expected, many regulatory proteins were verified here as phosphoproteins. The finding of the nitrogen regulatory protein P-II (GlnB) can be regarded as a positive control, because the importance of reversible phosphorylation at Ser49 for P-II signalling has been known for a long time (Forchhammer & Tandeau de Marsac, 1995) . In our gels the P-II protein was separated into four spots. The MS analysis of tryptic digests from the two more acidic spots confirmed their phosphorylation at Ser49. The two more alkaline spots, which were not stained by Pro-Q Diamond, 688. y 11 y 10 y 9 y 7 y 6 y 5 y 4 y 3 y 2 y 10 y 9 y 7 y 6 y 5 y 4 y 3 y 2 y 1 63 75 Additional to the regulatory protein P-II, phosphorylated forms of four different anti-sigma factor antagonists (encoded by ssr1600, slr1856, slr1859 and slr1659) were identified among the low molecular mass phosphoproteins (Tables 1 and 2 ). The Ssr1600 phosphorylation site was identified at Ser64 (Fig. 2) and that of the anti-sigma f factor antagonist Slr1859 at Ser57 could be confirmed (Shi et al., 1999) . The Slr1856 protein phosphorylation was proven by the loss of 80 Da following incubation with alkaline phosphatase. Interestingly, none of the anti-sigma factor antagonists was found in its non-phosphorylated form, although the majority of the protein spots surrounding the phosphorylated anti-sigma factor antagonist spots were successfully identified. The 2-DE-based analysis of protein phosphorylation in B. subtilis also showed only phosphorylated spots of the anti-sigma factor antagonist RsbV (Eymann et al., 2007) . In contrast to B. subtilis, the roles and regulation of alternative sigma factors are only fragmentary understood in cyanobacterial cells despite the findings of specific growth alterations in sigma factor mutants of Synechocystis 6803 (for examples see Huckauf et al., 2000; Nikkinen et al., 2012; Osanai et al., 2011) . Only for SigE, the sigma factor regulating the expression of enzymes for C-catabolism in Synechocystis 6803, the regulation by a specific anti-sigma factor (encoded by slr1050) has been shown (Osanai et al., 2009) . The genes slr1856 and slr1859, encoding two anti-sigma factor antagonists identified here as phosphoproteins, are located within the icfG gene cluster that also includes icfG (slr1860), encoding a protein phosphatase, and slr1861, encoding a Ser-specific protein kinase. The IcfG protein was shown to be involved in the co-ordinated regulation of inorganic carbon and glucose metabolism in Synechocystis 6803 (Beuf et al., 1994) . Recombinant Slr1861 kinase was able to phosphorylate Slr1856 and to a lesser extent Slr1859 on Ser54 and Ser57, respectively. The recombinant IcfG (Slr1860) protein phosphatase was able to dephosphorylate Slr1856, but not Slr1859 (Shi et al., 1999 ).
An interesting finding was the phosphorylation of Sll0359, CyAbrB, one of the two cyanobacterial AbrB-like transcriptional regulators of Synechocystis 6803 that are suggested to be involved in the regulation of several metabolic processes (Oliveira & Lindblad, 2008; Yamauchi et al., 2011) . Unfortunately, we could not isolate a phosphopeptide from the Sll0359 protein spot, thus its phosphoprotein nature remains putative. Protein acetylation and methylation has been shown for the related AbrB protein from Aphanizomenon ovalisporum, which might play a role in the regulated expression of proteins for the synthesis of the cyanotoxin cylindrospermopsin (ShalevMalul et al., 2008) .
KaiC is the central player of the cyanobacterial circadian clock, which has been intensively studied in the model organism Synechococcus elongatus PCC 7942 [reviewed by Dong et al. (2010) and Kondo (2007) ]. The autokinase and autophosphatase activities of KaiC are modulated by the proteins KaiA and KaiB, resulting in circadian oscillations of the phosphorylation status of KaiC (Nakajima et al., 2005) . Several spots of KaiC were identified among the Pro-Q Diamond-stained proteins in soluble extracts of Synechocystis 6803. The use of AspN allowed generation of a phosphorylated peptide from the KaiC protein (Fig. S3 ) Further information is given in Table S2 and the corresponding MALDI-TOF PSD spectra are displayed in Fig. S3 . encoded by slr0758 (kaiC1) with m/z 2070.9 (418-435) encompassing the putative phosphorylation sites at Ser432, Thr433 and Thr427 (Pattanayek et al., 2009) . In contrast to S. elongatus PCC 7942, Synechocystis 6803 and many other cyanobacteria possess two additional genes encoding homologues of KaiC (Kucho et al., 2005) . The corresponding proteins of Synechocystis 6803, KaiC-like protein 2 (Sll1595) and KaiC-like protein 3 (Slr1942) also were found to be phosphorylated using phosphoprotein-specific staining, and a peptide containing the phosphorylation site was identified from the latter one. Recently it was shown that the different KaiC proteins of Synechocystis 6803 show differences in the in vitro phosphorylation leading to functional diversification (Wiegard et al., 2013) .
ORF
The genome of Synechocystis 6803 harbours genes encoding many putative ferredoxins in addition to the essential ferredoxin (PetF) encoded by sll0020. One of these alternative ferredoxins (Slr0148) was identified from the gels following phosphoprotein enrichment. PSD fragment analysis revealed a phosphothreonine at position 44 of its sequence ( Table 2 ). The slr0148 gene is located in an operon containing nine genes, slr0144 to slr0152 (Wegener et al., 2008) , whose transcripts are downregulated by oxidative stress or at an alkaline pH value (Singh et al., 2004; Summerfield & Sherman, 2008) . Data from proteomic and genetic analyses demonstrated that the proteins encoded by this operon are necessary for optimal function of PSII and could function as accessory proteins during PSII complex assembly (Wegener et al., 2008) . Interestingly, the last ORF of the operon (slr0152) encodes a Ser/Thr protein kinase named PknD or SpkG, which possibly could be responsible for phosphorylation of the putative ferredoxin encoded by slr0148.
Remarkably, many proteins involved in primary carbohydrate metabolism were identified here as phosphoproteins (see Table 1 ). We found about half of the enzymes performing the glycolytic conversion of glucose-1-phosphate into pyruvate as phosphoproteins ( Fig. S4a ): namely phosphoglucomutases (Pgm, Sll0762 and Slr1334); phosphoglucoisomerase (Pgi, Slr1349); fructose-bisphosphate aldolase (FbaA, Sll0018); fructose 1,6-bisphosphate phosphatase (FbpII, Slr0952); glyceraldehyde dehydrogenase II (Gap2, Sll1342); and enolase (Eno, Slr0752). The Pgm encoded by sll0726 is phosphorylated at Ser168 within the motif TPpSHNP (Table 2 ). The phosphorylation site of phosphosugar mutases has been found to be conserved in all domains of life and it was demonstrated that these proteins are phosphorylated by autophosphorylation (Schmidl et al., 2010) . The other putative Pgm (Slr1334) is homologous to phosphosugar mutases of many bacteria and also contains the conserved phosphoserine signature TASHNP of phosphosugar mutases. Some of the abovementioned enzymes, such as FbaA, FbpII and Gap2, also could catalyse sugar conversions in the Calvin-Benson cycle (CBC) or the oxidative pentose-phosphate cycle (Fig.  S4b) . Macek et al., 2007; Misra et al., 2011) . Moreover, in many cases the phosphorylation sites of these proteins have been identified and were found to be rather conserved among bacteria as discussed above for Pgm. The physiological consequences of the phosphorylation of glycolytic enzymes are not well investigated. It can be speculated that phosphorylation of CBC and glycolytic enzymes might contribute to the regulation of the carbon fluxes through different pathways depending on different growth conditions in cyanobacteria.
Finally, a number of heavily Pro-Q Diamond-stained spots were located in the region of phycocyanin and allophycocyanin chains (Fig. 1 ), and were identified by MS to contain these proteins. Phosphorylation of the Synechocystis 6803 b-phycocyanin has been shown to occur at Ser50 since the exchange of serine by site-directed mutagenesis abolished its phosphorylation (Mann & Newmann, 1999) . Also phosphorylation on tyrosine has been demonstrated for phycocyanin-a and -b-chains (Mukhopadhyay & Kennelly, 2011) . Phosphorylated peptides of phycobilisome subunits also have been frequently identified in the phosphoproteome of Synechococcus sp. PCC 7002 (Yang et al., 2013) . However, we could not isolate phosphopeptides from these spots. Furthermore, the majority of these signals were missing in the gels after phosphoprotein enrichment. Thus, the nature of heavily Pro-Q Diamond-stained spots within the phycobiliproteins observed in our analysis needs further investigation.
CONCLUSIONS
Our 2-DE-based approach allowed a first snapshot of the phosphoproteome of the important model cyanobacterium Synechocystis 6803. We identified 32 phosphoproteins by MSbased identification of Pro-Q Diamond-stained protein spots. For eight of these phosphoproteins, we could also identify the phosphorylation sites after their enrichment. Probably, the remaining 24 proteins also are likely phosphorylated, because in many cases phosphorylation of homologous proteins was shown in a great variety of heterotrophic bacteria. Thus, our methodology will allow a reliable overview on the phosphoproteome patterns in cyanobacterial cells cultivated under diverse environmental conditions.
The number of identified phosphoproteins, as well as phosphorylation sites, is usually higher using gel-free approaches (e.g. Yang et al., 2013) . However, the gelbased analysis as applied here offers the advantage of visualizing phosphoproteins irrespective of whether the phosphorylated peptide can be found after tryptic digestion, which is usually utilized in gel-free approaches. Among the phosphorylation sites identified in this study, several were located on expanded sequence stretches without tryptic cleavage sites, which necessitated the use of AspN or even the combination of trypsin and AspN to generate peptides within a useful mass range. Furthermore, in the 2-DE gels intact phosphoproteins can be separated from non-phosphorylated or differently modified forms of the same protein. Thus, the detected protein species can be structurally analysed, as demonstrated for the putative anti-sigma factor antagonist Ssr1600 or the P-II protein. Moreover, the gel-based approach showed the abundance and possible phosphorylation of many enzymes of central carbon metabolism. Future studies are necessary to investigate whether or not the phosphorylation of those enzymes influences the carbon flow among cyanobacteria.
